Arrays of superconducting transition-edge sensors (TES) can provide high spatial and energy resolution necessary for x-ray astronomy. High quantum efficiency and uniformity of response can be achieved with a suitable absorber material, in which absorber x-ray stopping power, heat capacity, and thermal conductivity are relevant parameters. Here we compare these parameters for bismuth and gold. We have fabricated electroplated gold, electroplated gold/electroplated bismuth, and evaporated gold/evaporated bismuth 8x8 absorber arrays and find that a correlation exists between the residual resistance ratio (RRR) and thin film microstructure. This finding indicates that we can tailor absorber material conductivity via microstructure alteration, so as to permit absorber thermalization on timescales suitable for high energy resolution x-ray microcalorimetry. We show that by incorporating absorbers possessing large grain size, including electroplated gold and electroplated gold/electroplated bismuth, into our current Mo/Au TES, devices with tunable heat capacity and energy resolution of 2.4 eV (gold) and 2.1 eV (gold/bismuth) FWHM at 5.9 keV have been fabricated. PACS numbers: 81.15.Pq, 95.90.+v A. Brown et al. 
Arrays of superconducting transition-edge sensors (TES) can provide high spatial and energy resolution necessary for x-ray astronomy. High quantum efficiency and uniformity of response can be achieved with a suitable absorber material, in which absorber x-ray stopping power, heat capacity, and thermal conductivity are relevant parameters. Here we compare these parameters for bismuth and gold. We have fabricated electroplated gold, electroplated gold/electroplated bismuth, and evaporated gold/evaporated bismuth 8x8 absorber arrays and find that a correlation exists between the residual resistance ratio (RRR) and thin film microstructure. This finding indicates that we can tailor absorber material conductivity via microstructure alteration, so as to permit absorber thermalization on timescales suitable for high energy resolution x-ray microcalorimetry. We show that by incorporating absorbers possessing large grain size, including electroplated gold and electroplated gold/electroplated bismuth, into our current Mo/Au TES, devices with tunable heat capacity and energy resolution of 2.4 eV (gold) and 2.1 eV (gold/bismuth) FWHM at 5.9 keV have been fabricated. PACS numbers: 73.50.-h, 81.15.Pq, 95.90.+v
INTRODUCTION
High-quantum efficiency x-ray microcalorimetry, needed for x-ray astronomy, requires a high x-ray stopping power absorber. Other absorber materials parameters which dictate microcalorimeter performance include heat capacity C and thermal conductivity G. Here we have chosen to use two high x-ray stopping power absorber materials, Au and Bi, which possess very different values of heat capacity and thermal conductivity. While Au possesses high C and G, equal to 7.14 J/K/m 3 W/K/m. We desire to fabricate a microcalorimeter with a low heat capacity and high thermal conductance absorber in order to achieve high energy resolution and low time constant. Thus, we have tuned absorber heat capacity and thermal conductivity by depositing Au/Bi bilayer absorber films so as to maximize microcalorimeter performance.
ABSORBER FABRICATION
Our cantilevered 8x8 absorber arrays are fabricated atop both suspended, via silicon nitride membranes, and unsuspended 8x8 Mo/Au transition edge sensor (TES) arrays 1 . The cantilevered regions extend over the TES and much of the device wiring and are anchored to normal metal features on the TES via an absorber "stem."
We use a two-step photolithographic process in absorber fabrication, one step is used to define the stem and another step is used to define the cantilevered regions or "hoods." The stem regions are defined using a positive photoresist mold. A 200 nm Au seed layer, with a 20 nm Ti adhesion underlayer, is then electron beam deposited. At this point in the fabrication, we have the option of either evaporating, via thermal evaporation, or electroplating the absorber metal(s). Thermal evaporation of Au and Bi, at deposition rate of 0.15 nm/s and 2.0 nm/s, respectively, was conducted at pressure below 5 x 10 -6 T, and the wafers were actively cooled using a water-cooled chuck during evaporation. The evaporated absorber film layers were 500 nm and 6 microns for Au and Bi, respectively. Electroplating of Au and Bi films was conducted inside of separate beakers containing their respective plating solutions, a gold sulfite solution with pH = 6.8-7.2 for Au (Technic-25 E) and a bismuth nitrate solution with pH = 0.87-0.93 for Bi 2 . Approximately 1 mA/cm 2 of plating current density was driven between a platinized titanium mesh anode and the device wafers, and the plating rate was roughly 20 nm/A s for both absorber materials. We fabricated devices possessing different types of electroplated absorbers including some comprising of 3.5-5 microns of electroplated Au and others Absorber Materials for Transition-Edge Sensor X-ray Microcalorimeters with 0.5 microns of electroplated Au and 6 microns of electroplated Bi. Subsequent to absorber metal deposition, a second positive photoresist layer was applied to the device wafers and patterned so as to define the absorber hoods. The exposed absorber metal was then etched using 650 eV Ar + ions emitted from a Kaufmann-type ion source, and the photoresist was removed via oxygen plasma ashing and immersion in acetone.
ABSORBER MATERIALS PROPERTIES
We are interested in characterizing the relevant, in terms of microcalorimeter performance, materials properties of our absorber materials. In all instances, i.e., regardless of deposition technique, x-ray photoelectron spectroscopy and electron dispersion spectroscopy revealed that there were very small concentrations < 0.01% of impurities in the Au and Bi films. Consequently, the x-ray stopping power of our absorber materials should be identical to those of pure materials. We also found that the modeled heat capacity of our absorbers was in agreement with that calculated using the values given above. However, the conductivity of our thin absorber films was found to vary, in some cases considerably, from bulk values.
Four-wire resistivity measurements of Bi thin films as a function of temperature are shown in figure 1 . It is evident that deposition technique has a profound effect upon transport properties of Bi, because the RRR of the electroplated film is a factor of ~ 7 larger than that of the evaporated one. Sintering the electroplated film further increases its RRR. These increases of RRR suggest that electroplated and annealed films 3 have a much better film purity than the evaporated films, because RRR can be used as a determinant of film purity 4 .
A. Brown et al. In order to investigate this further, we obtained scanning electron microscope (SEM) micrographs of our films in order to determine whether or not film microstructure, which might reveal impurities, was correlated with the RRR of Bi. Figure 2 shows that, indeed, RRR is related to microstructure. While evaporated Bi, which we found has a RRR=0.1, is comprised of small (~ 100-300 nm) grains, sintered electroplated Bi has a RRR=1.0 and is comprised of large (~10 microns) grains. For our actual microcalorimeters, a high temperature sintering step is not compatible with the current fabrication process. Consequently, we are restricted to using unannealed electroplated films. Absorber Materials for Transition-Edge Sensor X-ray Microcalorimeters Four-wire resistivity measurements were also conducted upon our Au films. In contrast to Bi, in which we were unable to achieve films with RRR approaching that of its bulk value = 146, we grew electroplated Au whose RRR was comparable to that of its bulk value of 92 5, 6 . In fact, under ideal conditions this quantity appeared to be limited by film thickness alone 7 . For instance, we measured the 4.2 K resistivity of a 2 micron thick electroplated Au film to equal 4.2 x 10 -8 Ω cm, corresponding to RRR=56. Inserting this resistivity value into a well-known approximation relating electron mean free path l to resistivity ρ (in Ω µ cm),
where r s is radius of the free electron sphere and a 0 is the Bohr radius, we obtain a mean free path equal to the film thickness 8 . For thermally evaporated films, (1) does not yield correct low temperature resistivity. In fact, the RRR was found to have a value 3.5 times lower than predicted by (1) for a 0.5 micron film. Therefore, we hypothesize that evaporated Au films might possess many grain boundaries and voids, which reduce film quality.
MICROCALORIMETER PERFORMANCE
We have investigated the impact upon microcalorimeter performance of using different Au/Bi absorber combinations. Three different sets of devices were fabricated, including those possessing 3.7 microns of Au, 0.5 microns of evaporated Au and 6 microns of evaporated Bi, and 0.5 microns of electroplated Au and 6 microns of electroplated Bi. All three types of absorbers were designed to stop 95% of incident 6 keV xrays. However, microcalorimeter energy resolution and detector time constant were expected to differ because of different absorber materials properties. The electroplated Au absorbers were designed to have a heat capacity equal to 1.4 pJ/K and thermal conductance approximately equal to 2 x 10 5 W/K. Consequently, the internal absorber time constant is equal to 30 ns, which is much lower than the device time constant, which is of order milliseconds. Thus, it was expected that no loss in detector energy resolution arising from absorber position dependence of detected pulses would occur 9 . Both types of Bi/Au absorbers possessed heat capacity equal to 0.4 pJ/K. Therefore, the energy resolution, which is proportional to C 0.5 ,
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of devices possessing these absorbers was expected to be ~ 2 times better than those possessing Au absorbers. The details of the actual microcalorimeter performance are discussed elsewhere 10 ; here we summarize our results in terms of energy resolution and time constant. Devices possessing electroplated Au absorbers were measured to have a 2.4±0.2 eV resolution (FWHM) at 5.9 keV and time constant equal to 2 ms. When we had electroplated Au/Bi absorbers, these values were equal to 2.1 eV and 400 µs, respectively. For devices with evaporated Au/Bi absorbers, we obtained 4.0 eV and 1 ms, respectively. From arguments above, we should have expected an energy resolution in Au/Bi absorber devices to equal 1.3 eV. We believe that the discrepancy in observed and predicted energy resolution is a result of position dependence. The discrepancy in time constant between electroplated and evaporated Au/Bi absorber microcalorimeters is much more complex; although time constant is proportional to C/G, it is also dependent upon other parameters 4 . Regardless of the actual reason for the discrepancy in device time constant, we can conclude, because of improved energy resolution, that absorber films which are comprised of large grains are desirable for use in x-ray microcalorimetry.
